Cercone MA, Schroeder W, Schomberg S, Carpenter TC. EphA2 receptor mediates increased vascular permeability in lung injury due to viral infection and hypoxia. Am J Physiol Lung Cell Mol Physiol 297: L856 -L863, 2009. First published August 14, 2009 doi:10.1152/ajplung.00118.2009.-Ephrin family receptor tyrosine kinases are mediators of angiogenesis that may also regulate endothelial barrier function in the lung. Previous work has demonstrated that stimulation of EphA ephrin receptors causes increased vascular leak in the intact lung and increased permeability in cultured endothelial cells. Whether EphA receptors are involved in the permeability changes associated with lung injury is unknown. We studied this question in young rats exposed to viral respiratory infection combined with exposure to moderate hypoxia, a previously described lung injury model. We found that the EphA2 receptor is expressed in normal lung and that EphA2 expression is markedly upregulated in the lungs of hypoxic infected (HV) rats compared with normal control animals. Immunohistochemistry showed increased EphA2 expression principally in areas of edematous alveolar septae. In HV rats, EphA2 antagonism with either the soluble decoy receptor EphA2/Fc or with monoclonal anti-EphA2 antibody reduced albumin extravasation and histological evidence of edema formation (P Ͻ 0.01). Vascular leak in HV rats is mediated in large part by increased lung endothelin (ET) levels. In HV rats, ET receptor antagonism with bosentan resulted in reduced EphA2 mRNA and protein expression (P Ͻ 0.01). Experiments with cultured rat lung microvascular endothelial cells demonstrated that ET increases endothelial EphA2 expression. These results suggest that EphA2 expression is increased in lung injury, contributes to vascular leak in the injured lung, and is regulated in endothelial cells by ET. EphA2 may be a previously unrecognized contributor to the pathophysiology of lung injury. pulmonary edema; endothelin PULMONARY EDEMA FORMATION is a key feature of many respiratory illnesses. Alterations in pulmonary vascular permeability are a critical factor in the formation of pulmonary edema in the injured lung, but the mechanisms regulating permeability remain incompletely understood. Interestingly, of the three major families of receptor tyrosine kinases (RTKs) and ligands that have been described to control angiogenesis, members of two of these families, VEGFs and angiopoietins, have been implicated both in the control of vascular permeability and in the pathophysiology of human and experimental lung injuries, suggesting a possible link between angiogenic mediators and edema formation (14, 17).
PULMONARY EDEMA FORMATION is a key feature of many respiratory illnesses. Alterations in pulmonary vascular permeability are a critical factor in the formation of pulmonary edema in the injured lung, but the mechanisms regulating permeability remain incompletely understood. Interestingly, of the three major families of receptor tyrosine kinases (RTKs) and ligands that have been described to control angiogenesis, members of two of these families, VEGFs and angiopoietins, have been implicated both in the control of vascular permeability and in the pathophysiology of human and experimental lung injuries, suggesting a possible link between angiogenic mediators and edema formation (14, 17) .
The third major family of proangiogenic RTKs is the ephrin family. Ephrin receptors and ligands are divided into two broad classes, A and B, and ligands bind preferentially to receptors of the same class. Of these molecules, the EphA2 receptor is the most thoroughly studied with regard to its role in angiogenesis, and it has been implicated in responses such as endothelial cell migration and vascular assembly as well as regulation of epithelial cell junctions (2, 10) . We (19) have recently reported that the activation of EphA receptors by soluble ephrin-a1 ligand can act both in vivo and in vitro to loosen pulmonary vascular endothelial junctions and to promote vascular protein extravasation in the lung. These considerations suggested to us that A class EphA receptors, and in particular EphA2, could modulate vascular permeability in the injured lung and thus might contribute to the pathophysiology of vascular leak in lung injury.
The combination of hypoxia and inflammation has been shown to promote lung injury and pulmonary edema formation. For example, we (6 -8) have shown that exposure to hypoxia following a mild viral respiratory infection leads to increases in lung water and vascular protein leak triggered in large part by increased levels of endothelin (ET) and VEGF in the lung. Little is known about the regulation of EphA2 expression in the lung, although EphA2 is upregulated by hypoxia in skin, and ephrin-a1, the principal ligand for EphA2, is upregulated in endothelial cells by inflammatory stimuli such as TNF-␣ (21, 29) . Given these previous findings, we hypothesized that EphA2 expression could be increased in the lung injured by viral infection and hypoxia and that ET might contribute to the change in EphA2 expression. We studied this hypothesis using both intact rats and cultured rat lung endothelial cells.
METHODS

Experimental animals.
Experimental lung injury due to recent viral respiratory infection combined with exposure to moderate hypoxia was generated as previously described (6, 8) . In brief, pathogen-free weanling male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) were lightly anesthetized with halothane, and 50 l of Sendai virus stock solution [5 ϫ 10 5 50% tissue culture infective dose (TCID 50)] was then instilled intranasally. Successful viral infection was confirmed by RT-PCR as follows (data not shown). Total lung RNA was isolated using a commercial kit (RNeasy Mini Kit; Qiagen). PCR amplification was done using a one-tube RT-PCR system (Invitrogen, Carlsbad, CA) with gene-specific primers designed from the published sequences of the Sendai virus HN and NP genes. Animals were considered positive for Sendai virus infection if either HN or NP RNA was detected in the lung. No animal in the uninfected test groups tested positive for either Sendai virus gene.
Animals were studied in two experimental groups: normal controls (C) and viral infection combined with hypoxic exposure (HV). Animals in the HV group were exposed to normobaric hypoxia [fraction of inspired oxygen (FI O 2 ) ϭ 0.1] for 24 h, beginning 6 days after viral infection. The effects of EphA2 in the lungs of both control and HV animals were antagonized using two approaches. One cohort of HV animals was injected subcutaneously with 300 g/kg EphA2/Fc (R&D Systems, Minneapolis, MN) 2 h before exposure to hypoxia. As an alternate approach, another cohort of HV animals was injected subcutaneously with 100 g/kg antibody directed against EphA2 (R&D Systems), also 2 h before hypoxic exposure. Control animals were injected with either EphA2/Fc or anti-EphA2 antibody 24 h before measurement of lung albumin extravasation. Additional studies of the effects of ET receptor antagonism using the dual ET receptor antagonist bosentan were performed as previously described (8) . Studies of the effects of VEGF antagonism using the VEGF-Trap decoy receptor were also performed as previously described (7) .
All animals were allowed free access to food and water and were subjected to a similar day and night light cycle. Animals were housed at Denver, CO, altitude (1,600 m) at all times. The University of Colorado Health Sciences Center Institutional Animal Care and Use Committee approved all procedures and animal use.
Measurement of vascular protein leak. Leakage of albumin out of the vasculature into the distal lung was measured using Evans blue dye as previously described (8) .
Immunohistochemical studies. For immunohistochemical studies, lungs from normoxic control or HV animals were inflation-fixed via the trachea with zinc formalin at 20 cmH 2O pressure for 18 h before paraffin-embedding and sectioning. Sections were probed with a rabbit polyclonal antibody for EphA2 (Santa Cruz Biotechnology, Santa Cruz, CA) and a commercial ABC-AP kit (Vector Laboratories, Burlingame, CA). For histological studies of edema formation, lungs were fixed by microwave treatment as previously described (5) and then paraffin-embedded and sectioned for standard hematoxylin and eosin staining.
Western blotting studies. To determine whether the changes in lung albumin extravasation were associated with changes in lung EphA2 protein expression, lung homogenates were studied by standard Western blotting techniques using commercially available antibodies (EphA2, ␣-tubulin, Santa Cruz Biotechnology; ␤-actin, Sigma, St. Louis, MO). Membranes were reprobed for ␣-tubulin or ␤-actin to confirm equal protein loading and transfer. The resulting images were scanned into a computer and analyzed by densitometry using NIH ImageJ software. Results were expressed as arbitrary units, representing the ratio of target to ␣-tubulin or ␤-actin in each lane.
Real-time RT-PCR studies. For studies of lung mRNA expression, frozen lung tissue was homogenized in TRI reagent (Sigma), and total RNA was isolated following the manufacturer's instructions. Reverse transcription to cDNA was accomplished by priming 5 g of total RNA per sample with oligo(dT) and then using the SuperScript II Reverse Transcriptase kit (Invitrogen). Real-time PCR was performed using a Bio-Rad thermal cycler and PCR reactions including SYBR Green dye. Preliminary gradient optimization experiments (data not shown) for each primer set determined the ideal annealing temperature for future experiments. Results for target genes were normalized to ␣-tubulin mRNA expression for each sample, and relative expression was calculated using the comparative threshold cycle (⌬⌬C T) method.
Cultured endothelial cells. Rat lung microvascular endothelial cells (RLMVEC) were generously provided by the Center for Lung Biology at the University of South Alabama and propagated per their instructions. RLMVEC were serum-starved in media with 0.1% serum for 4 h before experimental exposures.
Statistical analysis. Statistical analysis was performed using Prism 4.0 (GraphPad Software, Durham, NC). Multiple-group comparisons were made using a one-way ANOVA with Tukey posttesting. Two-group comparisons were made using an unpaired Student's t-test. Differences were considered statistically significant for P Ͻ 0.05. Results are expressed as means Ϯ SE unless otherwise noted.
RESULTS
EphA2 is upregulated in the hypoxic infected lung.
The expression of EphA receptors in the rat lung has not been extensively studied. To determine which EphA receptors are expressed in the normal rat lung, we performed real-time RT-PCR analysis of EphA receptor mRNA expression for those EphA receptors previously shown to be expressed in normal bovine lung tissue (19) . As shown in Fig. 1A , mRNA for EphA1, EphA2, EphA3, EphA4, EphA5, and EphA6 were all detected in the normal rat lung. Normalized to the expression of ␣-tubulin mRNA, EphA2 was the most abundant EphA mRNA, exceeding the others by factors of 3-to 30-fold. We next used the same approach to determine whether the lung injury seen with combined exposure to viral respiratory infection and moderate hypoxia is associated with changes in lung EphA receptor mRNA expression. As seen in Fig. 1B , animals exposed to hypoxia and virus (HV) demonstrated significant increases in EphA2 and EphA4 mRNA expression compared with normal control animals (P ϭ 0.003 and 0.01, respectively). EphA3, EphA5, and EphA6 mRNA expression all showed a trend toward reduced expression in the HV animals that did not achieve statistical significance. As EphA2 was highly expressed in the lung and showed large changes between the control and HV groups, we performed further studies of EphA2 protein expression. As shown in Fig. 2A , Western blotting studies also showed a significant increase in EphA2 protein expression in the lungs of HV animals (P ϭ 0.01). To identify the anatomic compartment within the lung in which EphA2 expression increased in the HV animals, we performed immunohistochemical studies of lung tissue from control and HV animals. Lungs from control animals (Fig. 2B, bottom, left) showed generally uniform EphA2 protein expression in the airway epithelium as well as at lower levels in alveolar corners and around small pulmonary vessels. In the lungs of HV animals, patchy but marked increases in EphA2 immunoreactivity were found, most notably in areas characterized by thickened edematous-appearing alveolar septae (Fig. 2B, top, right) . Taken together, these findings demonstrate a substantial increase in EphA2 expression in the distal lung parenchyma of HV animals.
Ephrin-a1 is the principal ligand for EphA2 and is expressed in lung endothelium. To determine whether the expression of ephrin-a1 changes in the injured lung, we assessed ephrin-a1 protein expression by immunohistochemistry and Western blotting. Immunostaining for ephrin-a1 in normoxic control animals showed weakly detectable expression in distal lung parenchyma with somewhat brighter staining of alveolar macrophages. In contrast, HV animals showed heterogeneous staining for ephrin-a1 with areas of markedly increased expression most notable in those areas with thickened septae and evidence of inflammation (Fig. 3A) . Western blotting of lung homogenates showed a similar pattern, with a statistically significant increase in lung ephrin-a1 protein in the HV animals (Fig. 3B) . Thus protein levels of both EphA2 and its ligand ephrin-a1 are increased in the injured lung.
EphA2 antagonism reduces vascular leak in the hypoxic infected lung. To determine whether the increased EphA2 expression in the HV animals contributes to the vascular leak seen in those animals, we injected HV animals before exposure to hypoxia with EphA2/Fc, a soluble chimeric molecule that acts as a decoy receptor and blocks activation of EphA receptors (1). Lung albumin extravasation was then measured as leak of Evans blue-labeled albumin into the distal lung. As shown in Fig. 4 , and as we have previously reported, HV animals leak significantly more albumin into the lung than control animals (P ϭ 0.001). HV animals receiving EphA2/Fc, however, demonstrated a marked reduction in albumin extravasation into the distal lung compared with untreated HV animals (P Ͻ 0.01). As a second and more specific method of antagonizing EphA2, additional HV animals were injected subcutaneously with a monoclonal antibody directed against EphA2 before exposure to hypoxia. As with EphA2/Fc, the antiEphA2 antibody also resulted in a significant reduction in albumin extravasation compared with untreated HV animals (P Ͻ 0.05). To determine whether EphA2 antagonism has effects in the uninjured lung, we also injected normal control animals with EphA2/Fc or anti-EphA2 antibody (n ϭ 4 each) and measured lung albumin extravasation. As shown in Fig. 4 , neither method of EphA2 antagonism significantly altered lung albumin extravasation in the normal animals.
To determine whether these reductions in albumin extravasation correlated with histological evidence of pulmonary edema, lungs from HV animals receiving each method of EphA2 antagonism were fixed using a microwave fixation technique to better preserve edema fluid (5, 28). As shown in Fig. 5 , lungs from HV animals showed patchy areas of alveolar flooding and septal thickening, which were not found in control animals. HV animals given EphA2/Fc or anti-EphA2 antibody showed no alveolar flooding and much reduced septal thickening compared with HV animals. Taken together, these results suggest not only that EphA2 expression is increased in the injured lung, but also that EphA2 is an important mediator of the vascular leak and edema formation seen.
ET upregulates EphA2 expression. We (8) have previously demonstrated that ET contributes to the vascular leak seen in this model of lung injury and that ET antagonism with the dual ET receptor antagonist bosentan can reduce that leak. The finding that EphA2 also mediates leak in this model raises the question of whether ET regulates EphA2 expression in the hypoxic infected lung. To answer this question, we measured EphA2 expression in the lungs of HV animals given bosentan compared with the lungs of untreated HV animals. As shown in Fig. 6 , both lung EphA2 mRNA expression and lung EphA2 protein expression were significantly lower in HV animals given bosentan than in untreated HV animals. Similarly, ET receptor blockade with bosentan reduced EphA2 immunostaining in the lungs of HV animals (Fig. 2, bottom, left) . These results strongly suggest that ET regulates EphA2 expression in the injured lung.
Given the near-ubiquitous expression of ET in the lung, EphA2 expression in many cell types in the lung could be regulated by ET. Changes in endothelial cell EphA2 expression, however, would be most likely to contribute to changes in vascular permeability, and we (19) have previously demonstrated that stimulation of lung endothelial EphA receptors increases endothelial permeability. To determine whether ET can directly alter endothelial cell EphA2 expression, cultured RLMVEC were treated with exogenous ET-1 at concentrations of 0, 10, and 100 nM for 24 h. As shown in Fig. 7A , ET-1 increased EphA2 expression in a dose-dependent manner in these cells.
Effect of VEGF on EphA2 expression. We (7) have also previously reported that ET acts in part via upregulation of VEGF to promote leak in this model, raising the question of whether VEGF regulates EphA2 expression as well. VEGF has not been previously described to regulate EphA2 expression, although VEGF has been shown to upregulate ephrin-a1 expression in endothelial cells (10) . To determine whether VEGF contributes to the upregulation of EphA2 and ephrin-a1 in the HV rat lung, we compared EphA2 and ephrin-a1 expression in the lungs of HV animals with HV animals given VEGF-Trap, a soluble decoy VEGF receptor. Interestingly, lung EphA2 protein expression was not significantly changed in the HV/ VEGF-Trap animals compared with HV alone (n ϭ 6; P ϭ 0.56), although ephrin-a1 protein was significantly reduced in the lungs of the animals that received VEGF-Trap ( Fig. 8 ; P Ͻ 0.01). We also investigated the effect of VEGF on endothelial cell EphA2 expression (Fig. 7B) . Cultured RLMVEC were exposed to exogenous VEGF at 0, 10, or 100 ng/ml for 24 h. Exposure to exogenous VEGF did not cause any change in endothelial cell EphA2 expression.
DISCUSSION
The major finding of these studies is that EphA2 receptor expression in the lung is upregulated in the setting of lung injury caused by viral infection combined with exposure to hypoxia. Importantly, we found that strategies to block EphA2 activation reduce markers of lung injury, including protein leak into the distal lung and histological evidence of edema forma- tion. In addition, both in vivo and in vitro data suggest that elevated ET levels in the injured lung are a major regulator of EphA2 expression in the lung endothelium. These results are the first evidence that ephrin receptors in general and specifically EphA2 may be important mediators of vascular permeability in the injured lung and may represent viable targets for efforts to reduce the effects of injury in the lung.
Ephrins are a large class of RTKs and ligands with clearly demonstrated roles in neural and vascular development. EphA2, in particular, is known to be expressed in pulmonary vascular endothelial cells and has been implicated in postnatal angiogenic responses in the lung (2, 3, 10). We (19) have recently reported that ligand stimulation of lung endothelial EphA receptors leads to disruption of endothelial adherens and tight junctions and to increases in endothelial permeability in vitro and to increases in lung albumin extravasation in vivo. Although no previous data exist linking ephrins to lung injury, the finding that lung endothelial EphA receptors modulate permeability suggested to us that EphA2, in particular, as the most highly expressed EphA receptor in the lung vasculature, could be involved in the pathogenesis of lung injury.
We (6, 8) investigated that hypothesis using a previously described animal model of mild viral respiratory infection combined with exposure to moderate hypoxia. In lungs injured by exposure to viral infection and hypoxia, we found marked increases in both mRNA and protein expression of EphA2. As judged by immunohistochemistry, these increases occurred most prominently in edematous appearing areas of lung characterized by thickened alveolar septae. More importantly, our finding that antagonism of EphA2 activation in HV animals led to reduced lung albumin leak and reduced histological evidence of edema formation is the first evidence that EphA2 contributes to the pathophysiology of lung injury. Given previous findings that EphA2 is expressed on lung microvascular endothelial cells and that stimulation with ephrin-a1 ligand leads to alterations of endothelial tight and adherens junctions, alterations in endothelial permeability are one likely mechanism for the effects of EphA2 in the injured lung, although other mechanisms are certainly possible. For instance, type 2 alveolar epithelial cells reportedly express EphA2 in culture, and the role of EphA2 in those cells is not known (23) . EphA2 is expressed, however, by other epithelial cell types and regulates cell-cell junctions in those cells (13) , raising the possibility that EphA2 might also regulate epithelial permeability in the injured lung.
To determine whether the increase in lung EphA2 expression contributed to the vascular leak seen in our experimental lung injury, we used two strategies to antagonize EphA2 signaling. Antagonism of ephrin signaling is complicated by the known signaling mechanisms and promiscuous binding of ephrin receptors and ligands. For example, the effect of EphA2/Fc as an antagonist has several possible mechanisms of action. By acting as a decoy receptor and binding available ephrin-a ligands, EphA2/Fc would be expected to block activation and forward signaling not just through EphA2 but also through other EphA receptors. In addition, ephrin-a ligands can exhibit "reverse signaling," a phenomenon in which a signal is transduced into the ligand-bearing cell following Eph receptor binding. A soluble decoy receptor compound such as EphA2/Fc could conceivably then activate reverse signaling via ephrin ligands in the injured lung, although the extent and effects of such signals in endothelial cells have not been described to date. To address this uncertainty, we used a second mechanism of EphA2 antagonism, a monoclonal antibody directed against EphA2 itself. The fact that both methods resulted in a significant reduction in albumin extravasation in the HV animals suggests strongly that EphA2 forward signaling leads to increased endothelial permeability and that blockade of that signaling reduces edema formation in the injured lung.
The regulation of EphA2 expression remains poorly understood, although some data suggest that EphA2 may be upregulated during inflammatory responses (15) , and both Hox and HIF family transcription factors can regulate EphA2 expression at a transcriptional level in tissues outside the lung (9, 29) . ET is a potent vasoactive mediator that has been implicated in lung injury and pulmonary edema formation in many settings, including in the hypoxic infected lung (12, 18, 20) . Recent evidence also demonstrates that ET can be an important mediator of postnatal angiogenesis (11, 16, 24) . We found that ET antagonism reduces EphA2 expression in the injured lung and that ET directly regulates EphA2 expression in cultured lung microvascular endothelial cells. These results are the first evidence that ET regulates EphA2 expression. Although the exact signaling and transcriptional mechanisms underlying these effects remain to be determined in future studies, these findings suggest that ET-mediated regulation of ephrin expression may be an important component of the angiogenic effects of ET, including increases in vascular permeability in the injured lung.
Previous work in a variety of settings, again including the viral infection and hypoxia lung injury model, has also demonstrated that ET can upregulate VEGF expression (7, 22, 27) , raising the question of whether ET acts via VEGF to upregulate EphA2. VEGF has not been previously reported to regulate EphA2, however, and we were not able to demonstrate any effect of VEGF on EphA2 expression in cultured RLMVEC. Consistent with those results, in HV rats, VEGF antagonism did not significantly change lung EphA2 protein expression. In contrast, we did find that VEGF antagonism reduced lung ephrin-a1 expression, which is consistent with previous reports that VEGF upregulates ephrin-a1 in endothelial cells (10) . These results suggest that ET increases both VEGF and EphA2 expression in the lung and that VEGF (and likely other mediators), in turn, increases ephrin-a1 expression, leading to upregulation of both EphA2 and its ligand in settings characterized by excess ET and VEGF. The source of the increased ephrin-a1 in the injured lung remains uncertain, although ephrin-a1 can be expressed not only by endothelial cells, but also by monocytes, lymphocytes, and platelets (4, 25, 26) .
This study has several important limitations. For clinically significant alveolar flooding to occur, both the endothelial and epithelial barriers must be breached. In these experiments, we have focused on the effects of EphA2 on the endothelial barrier. As discussed above, these studies do not rule out possible effects of EphA2 antagonism on the alveolar epithelial barrier. In addition, changes in vascular pressures can generate hydrostatic forces favoring edema formation. Although these studies have certainly not ruled out an effect of EphA2 antagonism on pulmonary hemodynamics, the combination of previous results showing that ephrin-a1 stimulation can increase endothelial permeability (19) and our present findings is highly suggestive that EphA2 antagonism does have a protective effect on the endothelial barrier in the injured lung.
In summary then, we have demonstrated that EphA2 is upregulated in lung injury caused by viral infection combined with hypoxia and that antagonism of EphA2 ameliorates pulmonary edema formation in that model. Intriguingly, the upregulation of EphA2 appears to be mediated in large part by the effects of ET, and thus prevention of increases in EphA2 expression may partially account for the benefit of ET receptor antagonists in this model of lung injury. The role of EphA receptors and ligands in the injured lung is a promising area deserving of further investigation.
